The overall structure of V-ATPase complexes resembles that of F-type ATPases, but the stalk region is different and more complex. Database searches followed by sequence analysis of the five water-soluble stalk region subunits C-G revealed that (i) to date V-ATPases are found in 16 bacterial species, (ii) bacterial V-ATPases are closer to archaeal A-ATPases than to eukaryotic V-ATPases, and (iii) different groups of bacterial V-ATPases exist. Inconsistencies in the nomenclature of types and subunits are addressed. Attempts to assign subunit positions in V-ATPases based on biochemical experiments, chemical cross-linking, and electron microscopy are discussed. A structural model for prokaryotic and eukaryotic V-ATPases is proposed. The prokaryotic V-ATPase is considered to have a central stalk between headpiece and membrane flanked by two peripheral stalks. The eukaryotic V-ATPases have one additional peripheral stalk.
INTRODUCTION
V-ATPases are membrane-bound rotary motor proteins. They function as proton-or sodium ion pumps to build up ion gradients at the expense of ATP and are widely distributed in different types of eukaryotic cells and some bacteria. V-ATPase consists of an extramembranous catalytic domain, called the headpiece V 1 that is linked by means of a stalk region to a membrane-bound ion-translocating domain called V 0 . The mechanism of energy coupling between ATP hydrolysis in V 1 and ion translocation in V 0 involves the physical rotation of the central stalk in the complex. The prokaryotic V-ATPases are the more simple ones and consist of nine different subunits. are each present in three copies in an alternating arrangement. Two other subunits, I and K, make V 0 . They are known as "subunit a" and "subunit c" in eukaryotes, respectively. The remaining five subunits (C, D, E, F, G; in eukaryotes, "C" is termed "d") are considered to be part of the stalk region, together with the hydrophilic domain of subunit I (Nishi and Forgac, 2002) . Eukaryotic V-ATPases have two additional subunits (H and a different subunit C), which are not present in the bacterial complexes. In addition, they contain two extra subunits, c and c" which are homologues of V 0 subunit c. In plants one other hydrophobic subunit, tentatively named VHA-e, is considered to be part of the V-ATPase (Sze et al., 2002) and in some mammalian tissues, the enzyme contains an additional subunit termed Ac45 (Supek et al., 1994) .
No high-resolution structure of the complete V-ATPase or a subcomplex is available and neither do we know the positions of many of the nine different subunits that are common to the eukaryotic and bacterial complexes. In spite of the overall structural similarity of V-ATPases and F-ATPases, significant differences are observed especially in the stalk region. Early electron microscopy studies showed that the central stalk of V-ATPases was about 2 nm longer than in F-ATPases (Dschida and Bowman, 1992) and later studies indicated that the stalk region was more complex (Boekema et al., 1997) . Electron microscopy (EM) images of V-ATPases revealed the presence of two or three peripheral stalks besides the central stalk (Boekema et al., 1999; Domgall et al., 2002) , while F-ATPases are believed to contain a single peripheral stalk. The peripheral stalks are an essential part of the stator structure that prevents idle rotation of F 1 relative to F 0 .
Scope of This Review
This paper attempts to summarize evolutionary, biochemical, and structural information of the bacterial V-ATPases in relation to their eukaryotic counterparts with the emphasis on the stalk region. For a better understanding of the differences between the complexes from different biological origins, it would already be useful to have a consistent low-resolution structural model. In particular the smaller subunits proposed to form the connection between the A 3 B 3 headpiece and the membrane-bound c subunit ring structure seem to be the most relevant ones in this respect. The evolutionary relation between the five water-soluble stalk region subunits C, D, E, F, and G from bacteria, archaea, and the lower eukaryotes will be analyzed. Available structural data of V-ATPases mostly consists of two main bodies of information: (1) low-resolution studies by transmission electron microscopy and (2) biochemical data from cross-link studies. A substantial body of information about subunit positions has been obtained from the latter studies, but mainly on eukaryotic complexes. The most relevant data will be discussed here, together with some general features deduced from the amino acid sequences, as a starting point for composing a lowresolution model for the prokaryotic and eukaryotic V-ATPase complexes.
EVOLUTIONARY RELATIONSHIPS OF MICROBIAL V-ATPase STALK SUBUNITS

Database Searches
The main subunits of V-type and A-type ATPases, i.e., the headpiece subunits A and B, and the proteolipid subunit K are homologous to the corresponding subunits of F-type ATPases, indicating a common evolutionary origin and suggesting a similar mechanism of energy coupling by the complexes. Structural studies indicate differences between V-type ATPases and F-type ATPases especially in the stalk region (see below). Therefore, subunits C, D, E, F, and G may be diagnostic for V-type (and A-type) ATPase complexes. The distribution of bacterial V-type ATPases and their relation to eukaryotic V-type ATPases, archaeal A-type ATPases, and F-type ATPase was determined by BLAST searches (Altschul et al., 1997) of the NCBI protein database (http://www.ncbi. nlm.nih.gov/blast/). Subunits C, D, E, F, and G of the Enterococcus hirae complex (Kakinuma, 1998) were used as the initial queries and all hits up to a specific Expect value were evaluated. All true positives were submitted to the BLAST server and the procedure was repeated until no new subunits were found. The procedure results in a set of sequences that are linked by (local) sequence similarity either directly or indirectly (see Table I ). In the case of the F subunit of E. hirae the procedure converged very rapidly and only a single relationship (with the Enterococcus faecium subunit) was observed. The procedure was restarted using the VMA10 sequence of Saccharomyces cerevisiae which resulted in many more links between sequences, also in the bacterial kingdom. The relation between this set and the F subunits of the two Enterococcus species is based on analysis of the structure of the operons in which the genes are organized in bacterial and archaeal organisms. Since the ATPase complex operon structure in the bacterial and archaeal organisms is often conserved (see below), corresponding genes may be assigned on the basis of their position in the operon. The latter allowed for the further identification of a number of subunits that were not picked up in the BLAST searches (the sequences shown in Table I ). This is usually only possible for organisms for which the complete genome sequence is available (http://www.ncbi. nlm.nih.gov/PMGifs/Genomes/micr.html) and it should be noted that the evolutionary relation is purely based on operon structure and not on amino acid sequence analysis. Table I reveals the different nomenclature used for the locus coding for the ATPase complexes. The genes are termed ntp, vat, atp, and vma. The nomenclature is rather consistent for subunits C, D, and E, except for the eukaryotic fungi where they are numbered as vma6, vma8, and vma4, respectively. The C subunit of the fungi is termed subunit d and the D and E subunits of the crenarchaeota, γ and δ, respectively. The nomenclature for subunits F and G is more confusing as both identifiers are used for the two subunits. Subunit G of the bacterial Enterococcus species is subunit F in the archaeal A-type complexes and VMA7 or F in the eukaryotic V-type complexes. The E. hirae F subunit corresponds to the G, E, B, H, F, ε, or VMA10 in other organisms.
Distribution Over the Kingdoms of Life
An exhaustive search of the database revealed the presence of 43 different microbial V-type and A-type
